Lee et a I. Nanoscale Research Letters 2014, 9:242 
http://www.nanoscalereslett.conn/content/9/1/242 



0 Nanoscale Research Letters 

a SpringerOpen Journal 



NANO EXPRESS Open Access 



Performance enhancement of multiple-gate ZnO 
metal-oxide-semiconductor field-effect transistors 
fabricated using self-aligned and laser interference 
photolithography techniques 

Hsin-Ying Lee^"", Hung-Lin Huang^ and Chun-Yen Tseng^ 



Abstract 

The simple self-aligned photolithography technique and laser interference photolithography technique were 
proposed and utilized to fabricate multiple-gate ZnO metal-oxide-semiconductor field-effect transistors (MOSFETs). 
Since the multiple-gate structure could improve the electrical field distribution along the ZnO channel, the 
performance of the ZnO MOSFETs could be enhanced. The performance of the multiple-gate ZnO MOSFETs was 
better than that of the conventional single-gate ZnO MOSFETs. The higher the drain-source saturation current 
(12.41 mA/mm), the higher the transconductance (5.35 mS/mm) and the lower the anomalous off-current 
(5.7 |jA/mm) for the multiple-gate ZnO MOSFETs were obtained. 
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Background 

Over the past years, in view of the significant progress in 
fabrication techniques and epitaxial structures of III-V- 
based semiconductors [1-4], the Ill-V-based semiconductors 
were widely used in sensors [5,6], optoelectronic devices 
[7,8], electronic devices [9,10], and associated systems 
[11,12]. Among the electronic devices, the metal-oxide- 
semiconductor field-effect transistors (MOSFETs) are widely 
studied to improve the noise, output power, and power 
handling capacity [13,14]. Recently, because the ZnO-based 
semiconductors have the similar lattice constant and the 
same crystal structure with those of the GaN-based semi- 
conductors, they make a promising potential candidate for 
replacing the GaN-based semiconductors due to their inher- 
ent properties including wide direct bandgap, large exciton 
binding energy, nontoxicity, stability, and biocompatibility. 
Several kinds of ZnO-based MOSFETs were reported. 
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previously [15,16]. In general, single-gate structure was 
used to control the performances of the resulting MOS- 
FETs. As predicated by the International Technology Road- 
map for Semiconductors (ITRS), the dimension of the 
MOSFETs is continuously scaled down to reduce the area 
of integrated circuits. However, it becomes very difficult to 
maintain the necessary performances of the down-scaled 
MOSFETs owing to significantly short channel effects. To 
overcome the short channel effects, the architecture of 
double-gate (DG) MOSFETs [17], Fin FETs [18], HFin 
FETs [19], under lap FETs [20], and others was reported, 
previously. Compared with the single-gate MOSFETs, the 
peak lateral electrical field of the double-gate MOSFETs is 
lower [21]. Consequently, in addition to the suppression 
of the anomalous off-current caused by the field emission 
of carriers from channel defects, the gate length reduction 
is beneficial for enhancing the saturation current density 
and the transconductance of the resulting double-gate 
MOSFETs [22]. In this work, to study the channel transport 
control function of the multiple-gate structure, multiple- 
gate ZnO MOSFETs were fabricated and measured. Al- 
though the electron beam lithography is widely used to 
pattern narrow linewidth in devices, it suffers from 
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high operation cost and complex equipment. In this work, 
the simple and inexpensive self-aligned photolithograph 
and laser interference photolithography were proposed to 
pattern the multiple-gate structure of the ZnO MOSFETs. 

Methods 

The schematic configuration of the multiple-gate ZnO 
MOSFETs and the scanning electron microscope (SEM) 
image of the multiple-gate structure are shown in 
Figure la,b, respectively. The mesa region was defined 
on the glass substrate using a standard photolithography 
technique. The ZnO target (purity = 99.99%, radio- 
frequency (RF) power = 100 W) and the Al target (purity = 
99.99%, RF power = 15 W) were used as the material 
source for sputtering the 50-nm-thick Al-doped ZnO 
(ZnO:Al) film on glass substrates as the n-ZnO channel 
layer of ZnO MOSFETs. The n-ZnO channel layer was de- 
posited using a radio-frequency magnetron co-sputter sys- 
tem under a working pressure of 30 mTorr and an Ar flow 
rate of 30 seem. Using the Hall measurement at room 



temperature, the associated electron concentration and 
electron mobility of the n-ZnO channel layer were 3.5 x 
10^^ cm"^ and 9.7 cm^/V s, respectively. The mesa region 
was then formed using a lift-off process. After the source 
and drain regions were patterned using a standard photo- 
lithography technique, a 20-nm-thick n^-ZnO ohmic en- 
hancement layer was deposited using ZnO target (purity = 
99.99%, RF power = 100 W) and Al target (purity = 99.99%, 
RF power = 30 W) in the RF magnetron co-sputter system 
under a working pressure of 30 mTorr and an Ar flow rate 
of 30 seem. The associated electron concentration and the 
electron mobility of the n^-ZnO ohmic enhancement layer 
were 4.1 x 10^^ cm"^ and 3.6 cm^/V s, respectively. Ti/Al 
(20/100 nm) ohmic metals were then evaporated on 
the n"^-ZnO region using an electron beam evaporator. 
Except for the source and drain regions, the excess n"^-ZnO 
region and Ti/Al metal layers were removed using a lift-off 
process. To form ohmic contact, the sample was annealed 
in an N2 ambient at 200°C for 3 min. Figure 2 illustrates 
the fabrication process of the multiple-gate structure in this 
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Figure 1 Schematic configuration (a) and SEM image (top view) (b) of multiple-gate ZnO MOSFETs. 
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Figure 2 Fabrication processes (a to f) of multiple-gate ZnO MOSFETs using self-aligned photolithography technique and laser interference 
photolithography technique. 



work. To avoid the source and drain regions being covered 
by the consecutively deposited Si02 gate insulator, a posi- 
tive photoresist (AZ6112) layer was patterned on the source 
and drain regions using a self-aligned technique. In the 
self-aligned technique, the sample was exposed from the 
backside illumination by using the mask of the source and 
drain metal electrodes. After a development process, only 
the photoresist layer residing on the source and drain elec- 
trodes was remained as shown in Figure 2b. A 50-nm-thick 
Si02 gate insulator layer was then deposited using the RF 
magnetron sputter system under a working pressure of 10 
mTorr and an Ar flow rate of 30 seem as shown in 
Figure 2c. To prevent the source and drain electrodes 
from contacting with the subsequently deposited Al metal 
strips, before the process of the laser interference photo- 
lithography and the deposition of Al metal strips, the 
photoresist layer and the deposited Si02 insulator layer 
residing on the source and drain electrodes were not re- 
moved instantly. After the deposition of the 50-nm-thick 



Si02 insulator layer, the periodic strips of the multiple- 
gate structure were patterned using the laser interference 
photolithography technique. In the laser interference photo- 
lithography technique, the positive photoresist (Microposit 
S1818, Shipley, Marlborough, MA, USA) was firstly spread 
on the Si02 insulator layer and then was exposed using two 
intersected He-Cd laser beams (power density = 0.7 mW/ 
cm^ and wavelength = 325 nm) with a required interference 
fringe for 10 min. It is worthwhile to note that the Si02 
layer residing on the top and the side wall of the source and 
drain electrodes could protect the photoresist from being 
dissolved in the development process of the laser interfer- 
ence photolithography to insure the subsequent lift-off 
process. After the subsequent development procedure, a 
periodic photoresist strip pattern was defined as shown in 
Figure 2d. A 1 50-nm-thick Al gate metal layer was then 
evaporated using an electron beam evaporator. Using a 
standard lift-off procedure, the required Al gate strips with a 
strip width of 0.12 [xm and a strip spacing of 0.42 [im were 
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formed on the gate insulator layer; the unwanted part of the 
Si02 insulator layer and the Al periodic strips residing on 
the source and drain electrodes were simultaneously re- 
moved as shown in Figure 2e. Finally, to fabricate multiple- 
gate ZnO MOSFETs, a 150-nm-thick Al gate probe pad was 
deposited and formed using a standard photolithography 
technique as shown in Figure 2£ The spacing between the 
source electrode and the drain electrode was 4 [im. There 
are seven gate strips between the source and drain metal 
electrodes in the resulting multiple-gate ZnO MOSFETs. 
Furthermore, to study for the channel transport control 
function of the multiple-gate structure, the conventional 
single-gate ZnO MOSFETs with a gate length of 1 [im were 
also fabricated and measured. 

Results and discussion 

Figure 3a,b, respectively, shows the characteristics of the 
drain-source current (/ds) as a function of the drain- 
source voltage (Vds) of the single-gate ZnO MOSFETs 
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B 15 
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Figure 3 Output characteristics of drain-source current. As a 

function of drain-source voltage for (a) single-gate ZnO MOSFETs 
and (b) multiple-gate ZnO MOSFETs. 
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and the multiple-gate ZnO MOSFETs measured using 
an Agilent 4156C semiconductor parameter analyzer 
(Santa Clara, CA, USA). The gate bias voltage {Vgs) var- 
ied from 0 to -5 V in a step of -1 V. Compared with 
the single-gate ZnO MOSFETs, the drain-source satur- 
ation current (/dss) of the multiple-gate ZnO MOSFETs 
operated at the same gate-source voltage = 0 V was im- 
proved from 10.09 to 12.41 mA/mm. The drain-source 
saturation current enhancement of the multiple-gate 
ZnO MOSFETs could be attributed to the reduction of 
the effective gate length. The length of the depletion re- 
gion in the ZnO channel layer was commensurate with 
the gate length. Since the effective gate length of the 
multiple-gate structure was shorter than that of the single- 
gate structure, the series resistance between the source 
electrode and the drain electrode of the multiple-gate 
ZnO MOSFETs could be effectively reduced [22]. More- 
over, the shorter source-gate distance in the multiple-gate 
ZnO MOSFETs could increase the electric field intensity 
along the ZnO channel between the source electrode and 
the gate electrode, in comparison with that of the single- 
gate ZnO MOSFETs. The increased electric field intensity 
could cause a higher electron velocity [23,24]. Therefore, 
the higher drain-source saturation current of the multiple- 
gate ZnO MOSFETs could be obtained. 

Transconductance {grn)> which is defined as the slope 
of the drain-source current as a function of the gate- 
source voltage, is an important parameter of MOSFETs. 
The dependence of the transconductance on the gate- 
source voltage of the single-gate ZnO MOSFETs and the 
multiple-gate ZnO MOSFETs operated at a drain-source 
voltage of 10 V was shown in Figure 4a,b, respectively. 
The maximal transconductance of the single-gate ZnO 
MOSFETs and the multiple-gate ZnO MOSFETs was 
3.93 and 5.35 mS/mm, respectively. It could be found 
that the transconductance of the multiple-gate MOSFETs 
was higher than that of the single-gate ZnO MOSFETs. 
This result indicated that the multiple-gate structure ex- 
hibited better channel transport control capability. The 
transconductance in the saturated velocity model is in- 
versely proportional to the depletion width [22]. Therefore, 
the multiple-gate ZnO MOSFETs with a shorter effective 
gate length could enhance the transconductance. Further- 
more, the gate capacitance was increased by reducing the 
gate-source distance. The higher gate capacitance was also 
beneficial to an increase of the transconductance [24,25]. 

In general, the gate-source electrical field (£gs) was rela- 
tively small in comparison with the gate-drain electrical 
field (Eqy)) since the gate-source voltage was smaller than 
the gate-drain voltage (Vgd) [24]. The maximum gate- 
drain electrical field along the ZnO channel was located 
between the gate electrode and the drain electrode closed 
to the side of the gate electrode. It could be found that the 
gate-source electrical field enhancement was beneficial to 
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(a) Single-gate ZnO MOSFETs 
operated at Vj^g=10 
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(b) Multiple-gate ZnO MOSFETs 
operated at V =10 V 
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Figure 4 Drain-source current and transconductance. As a 

function of gate-source voltage for (a) single-gate ZnO MOSFETs 
and (b) multiple-gate ZnO MOSFETs. 



the improvement of the drain-source current. In contrast, 
the larger maximum gate-drain electrical field was one 
reason of anomalous off-current. As shown in Figure 4, 
the anomalous off-current of the single-gate ZnO 
MOSFETs and the multiple-gate ZnO MOSFETs operated 
at a gate-source voltage of -4 V was 34 and 5.7 (lA/mm, 
respectively. The off-current of the multiple-gate ZnO 
MOSFETs was lower than that of the single-gate ZnO 
MOSFETs. It could be expected that the multiple-gate 
structure had a lower maximum gate-drain electrical field 
as reported previously [21,24]. To further investigate the 
function of the multiple-gate structure, the characteristics 
of the gate-source current (/gs) as a function of the 
gate-source voltage of both the ZnO MOSFETs were 
measured at a drain-source voltage of 10 V; the mea- 
sured results were shown in Figure 5. Based on the 
measured results, the gate-source current of the multiple- 
gate ZnO MOSFETs was reduced at the negative gate bias 
regime in comparison with that of the single-gate ZnO 
MOSFETs. The results revealed that the multiple-gate 
structure could disperse the gate surface carrier density 
due to the larger surface area with respect to the single- 
gate structure. The lower gate surface carrier density could 
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Figure 5 Gate-source current as a function of gate-source 
voltage for single-gate ZnO MOSFETs and multiple-gate ZnO 
MOSFETs. 



effectively suppress the carrier injection opportunity 
from the gate electrode. Therefore, the gate-source 
current of the ZnO MOSFETs could be significantly 
improved by utilizing the multiple-gate structure. 

Conclusions 

In conclusion, the self-aligned photolithography tech- 
nique and the laser interference photolithography tech- 
nique were used to fabricate the multiple-gate structure 
of multiple-gate ZnO MOSFETs. The multiple-gate 
structure had a shorter effective gate length and could 
enhance the gate-source electrical field and reduce the 
maximum gate-drain electrical field in comparison with 
the single-gate structure. Therefore, the performance of 
the multiple-gate ZnO MOSFETs was improved. Com- 
pared with the single-gate ZnO MOSFETs, the associ- 
ated performances of the multiple-gate ZnO MOSFETs, 
including a higher drain-source saturation current of 
12.41 mA/mm, a higher transconductance of 5.35 mS/mm, 
and a lower anomalous off-current of 5.7 (lA/mm, could 
be effectively enhanced. The experimental results verified 
that the high-performance multiple-gate MOSFETs could 
be fabricated by the proposed simple and cheaper method. 
When the laser with a shorter wavelength was used in the 
laser interference photolithography, the multiple-gate 
MOSFETs with nanometer-order gate length could be ex- 
pected by using this proposed technique. 
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